Vývoj spirální magnetické struktury v kobalt chromitových nanočásticích by Alemayehu, Adam
Univerzita Karlova 
Přírodov decká fakulta 
 
Studijní program: Chemie                                               







Vývoj spirální magnetické struktury v kobalt chromitových nanočásticích 
 
Size evolution of spiral magnetic structure in cobalt chromite nanoparticles 
 
 
Bakalářská práce  
Vedoucí práce: RNDr. Daniel Nižňanský, PhD. 
 
 
 Praha, 2017                                            
  
Charles University 
Faculty of Science 
Study programme: Chemistry                                             







Size evolution of spiral magnetic structure in cobalt chromite nanoparticles 
 




Supervisor: RNDr. Daniel Nižňanský, PhD. 
 
  





















                   Prohlašuji, že jsem bakalářskou práci zpracoval samostatně a že jsem uvedl 
všechny použité informační zdroje a literaturu. Tato práce ani její podstatná část nebyla 
předložena k získání jiného nebo stejného akademického titulu. 
        
 




















Touto cestou vyslovuji poděkování RNDr. Danielovi Nižňanskému, PhD. za pomoc, 
odborné vedení, cenné rady a připomínky při vypracování mé bakalářské práce. Zároveň 
děkuji M.Sc. Dominike Zákutné za odbornou konzultaci a za příležitost účastnit se 
výzkumu v Heinz Maier-Leibnitz Zentrum, Garching v Německu pod jejím vedením.  
 






Magnetické nanomateriály hrají důležitou roli v posledních desetiletích díky zajímavým 
aplikacím[1,2]. Multiferroické materiály jsou materiály, u nichž existují dva typy jevů, 
magnetické a feroelektrické uspořádání. To znamená, že se může indukovat magnetizace 
elektrickým polem nebo elektrická polarizace magnetickým polem. Oxid kobaltnato-
chromitý patří do druhé skupiny multiferoických látek, nazývaných multiferroika typu II. 
Tyto multiferoické materiály jsou relativně nové. V případě, že v těchto materiálech 
existuje feroelektrika, musí být v těchto materiálech přítomen zvláštní typ magnetického 
uspořádání. 
Oxid kobaltnato-chromitý (CoCr2O4) krystalizuje ve struktuře kubického spinelu, kde jsou 
Co2+ a Cr3+ umístěny v tetraedrických a oktaedrických polohách. Ve zhlucích dochází k 
ferrimagnetickému uspořádání CoCr2O4 při Tc = 94 K a systém dále prochází magnetickým 
fázovým přechodem na uspořádání do řady magnetických spirál s dlouhým dosahem při 
přechodové teplotě 26 K[3]. Současně byla pozorovaná dielektrická anomálie pod spirálním 
magnetickým přechodem. V této práci je prezentován vývoj spirálového uspořádání se 
změnou velikosti částic. 
 





Magnetic nanomaterials play an important role during the last decades due to interesting 
applications[1,2]. Multiferroic materials are materials where two types of phenomena 
coexist, magnetical and ferroelectrical ordering. It means that we can induce magnetization 
by an electric field or electrical polarization by a magnetic field. Cobalt chromite belongs 
to the second group of multiferroic materials, called Type-II multiferroics. These 
multiferroic materials are relatively new. The presence of ferroelectricity in these materials 
is due to special type of magnetic ordering. 
Cobalt chromite (CoCr2O4) crystallizes in the cubic spinel structure, where Co
2+ and Cr3+ 
are located on the tetrahedral and octahedral sites respectively. In the bulk system, the 
ferrimagnetic ordering of CoCr2O4 occurs at Tc = 94 K and undergoes an order-to-order 
magnetic phase transition to a long range spiral magnetic order at the transition temperature 
of 26 K[3]. At the same time, dielectric anomaly was observed below the spiral magnetic 
order. In our work we present the evolution of spiral ordering with changing of particle 
size.  
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Multiferroic materials, in particular those exhibiting magnetoelectric coupling, have 
recently attracted much attention since they are potentially of great use in electric devices 
such as dynamic random access memories, data storage media, telecommunication systems, 
electromagnetic sensors etc[4,5]. Cobalt-based catalysts, especially cobalt chromites, were 
found to be one of the best candidates for the catalytic combustion of methane[6,7]. As a 
typical multiferroic material, cobalt chromite (CoCr2O4) has shown to be unique, which not 
only displays uniform polarization and spatially modulated magnetism but also exhibits 
uniform magnetization in the conical cycloid state.[8] 
Up to date, there are many studies of CoCr2O4 which were prepared by various synthesis 
approach as hydrothermal, template synthesis, sol gel method, microemulsion method[9] 
etc. The structural, magnetic, thermodynamic, and dielectric properties of polycrystalline 
CoCr2O4 were also investigated
[10].  
The CoCr2O4 nanoparticle were prepared using hydrothermal method. But after the 
synthesis amorphous phase was obtained and high temperature treatment was applied in 
order to obtain crystalline samples. The prepared samples were annealed at various 
temperatures from 300 - 550 ℃ with a particle size range of 3.1 - 15.2 nm. 
In particular, the magnetic phase transition are well known in all form as polycrystalline, 
single crystal[11] and nanosized state. But there is a lack of direct establishing and in deep 
evaluation of spiral structure in nanosized CoCr2O4. In recent years also new studies were 
carried out about the microscopic magnetic structure of cobalt chromite nanoparticles and 
doped cobalt chromite nanoparticles, nevertheless authors claimed that the nanoparticles 
were of polycrystalline nature.  In this contribution, the evolution of spiral magnetic 
structure will be discussed and presented. A detailed study of magnetic properties of 
nanosized CoCr2O4 were investigated on the microlevel by means neutron diffractions 
experiments with XYZ polarization analysis. This method give an opportunity to explain 






2 THEORETICAL PART 
 
2.1 Basics of magnetism  
 
Every electric and magnetic field is described by the four Maxwell equations: ∇ ∙ ⃗ =     Gauss` law                                                                           .     
∇ ×  ⃗ = −  ⃗     Faraday`s law                                                           .  
∇ ×  ⃗ =  + ⃗     Ampère − Maxwell law                                     .  
∇ ∙  ⃗ =    (Gauss` law for magnetism)                                         .  
where ∇≡ �� , �� , �� , ⃗  is the electric flux density,  is the electric charge density,  ⃗ is 
the intensity of the electric field,  ⃗ is the magnetic flux density,  ⃗ is the intensity of the 
magnetic field and   is the current density. 
The magnetic properties of solids can be quantitatively described in terms of the 
magnetization ⃗⃗  which is defined as the magnetic moment per unit volume. 
 
              ⃗⃗ = � ∙∑ i⃗⃗  ⃗                                                     .   
 






The microscopic origin of magnetism is mostly the same in all magnets: it is the presence 
of localized electrons, mostly in the partially filled d or f shells of transition metals and 
rare-earth ions, which have a corresponding localised spin, or magnetic moment. 
 Spin magnetic moment ⃗⃗  ⃗, which arises from the spin angular momentum of 
electron   
                          ⃗⃗  ⃗ = − ∙ �ℏ ∙                                                     .  
 
where ≅  is the electron g-factor, � ≈ , ∙ −  J T−  is the Bohr magneton and ℏ ≈ , ∙ −  J s is the reduced Planck constant. 
 Orbital magnetic moment ⃗⃗  ⃗, which originate from orbital angular momentum of 
electron  ⃗ 
                          ⃗⃗  ⃗ = − �ℏ ∙  ⃗                                                            .  
 
 Induced magnetic moment, which originate from the change of orbital momentum 
induced by external field 
Most solids are only weakly magnetic and develop a magnetization only when an external 
(vacuum) field is applied. In such cases, the amount of magnetization can be that is 
developed depends upon the magnitude of the magnetic susceptibility  ⃡which is defined 
by 
                                  ⃗⃗ = ⃡∙  ⃗                                                                 .  
where  ⃗ is the applied external field and  ⃡is in general a tensor in a crystalline solid. 
 
Materials for which <  are denoted as diamagnetic and the induced magnetization has 
an opposite direction as the applied magnetic field. Materials for which  >  are 




Materials which exhibit a magnetization ⃗⃗  without application of an external field typically 
have much larger values for  and can be ferromagnetic, antiferromagnetic or 
ferrimagnetic. Some types of these magnetic structures are given in Figure 2.1. 
 
             Figure 2.1: Some types of magnetism[13]. 
 
The magnetic flux density (magnetic induction)  ⃗ inside a material is related to the 
magnetic field strength  ⃗ through permeability  ⃡
 
           ⃗ = (  ⃗ + ⃗⃗ ) = (  ⃗ + ⃡∙  ⃗) = (⃡+ )⃡  ⃗ = ⃡⃗  ⃗ ∙   ⃗ = ⃡ ∙  ⃗            .  
          ⃡ = (⃡+ )⃡                                                                                                                 .   
 
where ⃡ is the unit second rank tensor, = � ∙ −  H m−  is the permeability of free 











The Hamiltonian of an atom in a magnetic field changes[14]: 
 The kinetic energy of each electron is changed   + ∙  , where   is the 
momentum of the electron without an external field, = . ∙ −  C is the 
elementary charge and   is the vector potential defined as 
                     ⃗ = ∇ ×                                                                                       .  
                    ∇ ∙  =                                                                                         .  
 
Usually take   to be  = − ∙   ×  ⃗. 
The kinetic energy of the nucleus is unchanged due to large mass. 
 
 The interaction energy of electron spin with the external field is added to the 
Hamiltonian[14]: 
                   ℋ = ∙ �ℏ ∙  ∙  ⃗                                                                        .  
 
The total kinetic energy is now[14]: 
 
                  = + �ℏ ∙  ⃗ ∙  ⃗ + ∙ ∙ ∙∑ +                     .  
 
where = , ∙ −  kg is the mass of the electron. 
Adding the spin interaction energy to this gives[14]: 
 





Using second order perturbation theory to get values of the energy change ∆  due to the 
magnetic field gives[14]: 
           ∆ = �ℏ  ⃗⟨ |  ⃗ +  | ⟩
+ ∑ |⟨ | �ℏ (  ⃗ +  )  ⃗| `⟩|− ` + ⟨ |∑ ( + ) | ⟩≠ `         .  
 
From this energy expression we can get the magnetic susceptibility of individual atoms, 
ions and molecules. 
 
2.2 Multiferroic materials 
 
Multiferroic materials (multiferroics) are materials in which two types of ordering exist in 
the  absence of external electric and magnetic fields: ferromagnetism, the spontaneous 
ordering of orbital and spin magnetic moments, and ferroelectricity, the spontaneous 
ordering of electric dipole moments[15]. In principle a third type of ordering, spontaneous 
deformation, which leads to ferroelasticity is often included[16].  
In general there are two groups of multiferroics: 
 Those in which ferroelectricity and magnetism have different sources and appear 
largely independently of one another, though there is some coupling between them. 
These multiferroics are called type-I multiferroics and ferroelectricity typically 
appears at higher temperatures than magnetism[16]. 
 
 The second group is called type-II multiferroics. Here, magnetism causes 
ferroelectricity, implying a strong coupling between them. The polarization in these 






      
Figure 2.2: Ilustration of orderings in magnetoelectric and multiferroic   
materials[16]. 
 
2.2.1 Type-I multiferroics 
 
Type-I multiferroics are known for longer time and more numerous. They are good 
ferroelectrics and the critical temperature of the magnetic and ferroelectric transitions are 
often well above room temperature. The coupling between magnetism and ferroelectricity 
in these materials is weak. Type-I multiferroics have several different subclasses, 
depending on the mechanism of ferroelectricity in them[16]. 
The most known ferroelectrics are the perovskites (ATiO3)
[16]. Ferroelectricity in these 
systems is caused by the off-center shifts of the transition metal ions, which forms strong 
covalent bonds with one or three oxygens, using their empty d-orbitals. 
Bi3+ and Pb2+ also play the major role in the origin of ferroelectricity. The two outer 6s 
electrons that do not participate in chemical bonds. These lone pairs have large 
polarizability, which is required for ferroelectricity of classical type[16]. 
Charge ordering also causes ferroelectricity, observed in transition metal compounds. 






2.2.2 Type-II multiferroics 
 
In these materials ferroelectricity exists only in a magnetically ordered state and is caused 
by particular type of magnetism[16]. Type-II multiferroics are divided into two groups: 
 Ferroelectricity is caused by particular type of magnetic spiral structure 
 
 Ferroelectricity appears also for collinear magnetic structures 
 
 
2.2.2.1 Spiral multiferroics  
 
Most of the type-II multiferroics belong to this group. When the spins form a spiralling 
magnetic phase (cycloidal) along a specific crystallographic direction, every nearest spin-
pair produces the unidirectional local  ⃗ and so the macroscopic polarization of magnetic 
origin is observed[17]. The spontaneous polarizations is then: 
                              ⃗ = ∙∑ ⃗⃗⃗⃗ × (⃗⃗⃗  × ⃗⃗⃗  )                                                 .  
where  is a proportional constant determined by spin-orbit and spin exchange interactions, ⃗⃗ ⃗⃗  is the unit vector connecting the neighbouring spins ⃗⃗⃗   and ⃗⃗⃗  . Spin helicity is the 
clockwise or counterclockwise rotation of the spin and it determines the positive or negative 






                              Figure 2.3: Illustration of spiral magnetic structures[17]. 
                                                                                       
Induced polarization can also emerge from spin waves (magnons). Here all spins are 









2.3 Characterization methods 
 
2.3.1 Neutron scattering 
 
Neutron scattering is one of the most useful and versatile experimental methods to study 
the structure and dynamics of matter on the atomic and nanometer scale[19]. Neutrons have 
no charge and their electric dipole moment is either zero or too small to be measured by the 
most sensitive modern techniques. Due to this fact neutrons can penetrate matter much 
better than charged particles. In addition, neutrons interact with matter through nuclear 
forces which are very short range. Neutrons can penetrate given matter a long distance 
without being absorbed or scattered, Figure 2.5. 
 
 
Figure 2.5: Beams of neutrons, photons and electrons interact with matter by different 
mechanism. Electrons (red) and photons (blue) interact with matter by electrostatic and 
electromagnetic interactions respectively. Neutrons (purple) interact with matter via strong 
nuclear forces (purple bottom). The interaction can be a dipole-dipole interaction (purple 





2.3.1.1 Basics of neutron scattering 
 
The flux of a neutron beam is defined as the neutron rate per area: 
      =    � � �        �   ℎ    � �       .  
The neutron scattering cross section, �, of a system is defined by its ability to scatter 
neutrons[19]: 
                                                            � = ∙                                                                .  
where  is the number of neutrons scattered per second. 
The scattering cross section is dependent on the scattered angle. The angular dependence 
of the scattered neutrons is described by differential scattering cross section: 
                                                           �Ω = ∙ Ω                                                           .  
where  is the number of neutrons scattered into solid angle Ω per second. 
In some scattering processes, the neutrons deliver energy to or absorb energy from the 
scattering system. This type of scattering is described as inelastic scattering. The neutron 
energy transfer is defined as[19]: 
                                         ℏ ∙ = − = ℏ ∙ ( − )∙                                       .  
where � and  represent the initial and final state respectively,  is the wave vector,  is 
the angular frequency and  is the rest mass of the neutron. 
For describing inelastic scattering we need to take into account the energy dependence of 
the scattered neutrons. The partial differential cross section is defined as[19]: 
                                                 �Ω = ∙ Ω                                                       .  
where  is the number of neutrons scattered into a solid angle Ω per second with 




2.3.1.2 Quantum mechanics of scattering 
 
We define the state of the incoming wave as[19]: 
                                              | ⟩ = √� ∙ ∙ �⃗⃗  ⃗∙                                                            .  
 
where, � = , is the normalization volume for a state enclosed in a cubic box in a cubic 
box with side length . The incoming neutron flux is then[19]: 
                                            = | | ∙ = � ∙ ℏ ∙                                              .  
 
The final state can be expressed as a wave: 
                                             | ⟩ = √� ∙ ∙ �⃗⃗⃗⃗  ⃗∙                                                            .  
 
The energy density for a wave function emitted into directions of  ⃗⃗⃗⃗ , corresponding to 
solid angle Ω in k-space is[19]: 
                                             Ω = � ∙ ∙� ∙ ℏ Ω                                            .  
 
The scattering process itself is described by the Fermi golden rule. The number of neutrons 
scattered into Ω per second, , is then given as: 







Using equation . , .  and .  the differential scattering cross section is then: 
                                        �Ω = � ∙ ∙ � ∙ ℏ ∙ |⟨ |�̂| ⟩|                         .  
The interaction between the neutron and the nucleus is expressed by the Fermi 
pseudopotential[19]: 
                                           �̂  = � ∙ ℏ ∙ ∙ ( −  ⃗)                                         .  
where  is the scattering length and  ⃗ is the position of the nucleus. 
The differential scattering cross section for one nucleus can be shown that is equal to: 

















2.3.1.3 Coherent and incoherent scattering 
 
The scattering length, , varies randomly from nucleus to nucleus in a sample.  is different 
for different isotopes of a given element and also for different nuclear spin states. This gives 
rise to an additional contribution to the total intensity, the incoherent scattering[21],      
Figure 2.6.  
     
 
Figure 2.6: Upper panel: Diffraction from a 2D crystal with two isotopes of the same 
element with two scattering lengths  and . Middle panel: coherent scattering from the 
mean gives rise to Bragg peaks, Lower panel: an isotropic background is observed and is 











For calculating the scattering cross section a random distribution of different isotopes in 
the sample must be considered. Therefore, we have to average over the random distribution 
of the scattering length in the sample[21]. 
 
            �Ω = ∙ |∑ �⃗ ∙ �⃗⃗⃗  | + ∙ −                             .  
                                ⃗ = ⃗⃗⃗⃗ − ⃗⃗  ⃗                                                                                   .  
where  ⃗ is the scattering vector. 
The first term in .  contains a phase factors, �⃗ ∙ �⃗⃗⃗   and gives an information on an 
average of b[21]. It also takes into account interference effects and is called coherent 
scattering. There are two types of coherent scattering, one with and without the 
conservation of energy know as elastic and inelastic scattering, respectively. Elastic 
coherent scattering gives an information on the structure of material and inelastic coherent 
scattering arises from the collective motion as for example phonons. The second term does 
not contain phase information and is proportional to the number of atoms,  which 
determine the deviation from an average of b and is called incoherent scattering. The 
incoherent scattering can also be elastic (isotropic scattering) and inelastic (atomic 
diffusion, phonon density). 
 
2.3.1.4  Spin dependent interactions 
 
Consider a nucleus with nuclear spin ≠ . The spin of the neutron and nucleus can be 
randomly oriented. The spin state, , during the scattering process can have two possible 
values: + = +  and − = − . + stands for the spin state when the spin of the neutron 
and nucleus are parallel and − stands for the spin state when the spin of the neutron and 




multiplicities are +  and  for + and − respectively. The total number of 
configurations is then + .  
The probabilities (for unpolarised neutrons) + and − for realizing state + and − 
respectively are[21]: 
                              + = ++                − = +                                                    .  
 
For all isotopes with nuclei that have ≠ , the scattering lengths + and − are different. 
This gives rise to spin incoherent scattering. 
The spin incoherent differential cross section is then[21]: 
   ( �Ω)s  c = ∙ + + − −+ = ∙ ∙ + = ∙         .  
where = +− −�+  and = ∙ √ +  is the spin incoherent scattering length. 
 
2.3.1.5  Magnetic interactions 
 
Neutrons have nonzero magnetic dipole moment and thus can interact with magnetic field 
and thus also with the magnetic dipolar moment originating from unpaired electronic spins. 
The dipolar interaction potential, � , of neutron magnetic moment,  , with magnetic field,  ⃗, is:                                                � = −  ∙  ⃗                                                                       .  
The gyromagnetic ratio of the neutron, , is[21]: 
                                  = ∙ ∙ℏ ≈ − . ∙  s−  T−                                       .  






The magnetic field created by the electronic spin at position   is (Biot-Savart law) [21]: 
                                                 ⃗⃗⃗⃗ = − � ∙ ∇ × ̂ ×                                              .  
 
And the magnetic field created by orbital motion of the electron at position   is[21]: 
                                                 ⃗⃗  ⃗ = − ∙ ⃗⃗  ⃗ ×                                                              .  
 
The scattering potential is then: 
                  � = −  ∙ (⃗⃗⃗⃗ + ⃗⃗  ⃗) =  ∙ [ � ∙ ∇ × ̂ ×  + ∙ ⃗⃗  ⃗ ×  ]              .  
 
The differential scattering cross section is[21]: 
                ( �Ω) a = ∙ ∙ | � ∙ ⟨ ` |�̂ ∙ ⊥⃗⃗ ⃗⃗  ⃗(  ⃗)| ⟩|                                 .  
 
where  is the classical radius of the electron, �̂ is the vector spin operator and ⊥⃗⃗ ⃗⃗  ⃗(  ⃗) is 
the magnetization perpendicular to the scattering vector  ⃗. Only the component of the 
magnetization perpendicular to the scattering vector contributes to the scattering cross 
section[21], Figure 2.7.  
The geometrical condition of magnetization and scattering vector are given by Harper-
Johnson vector (obtained as Fourier transformation of vector from real space) [21]: 
⊥⃗⃗ ⃗⃗  ⃗ =  ̂x ⃗⃗ x ̂  





By the applying magnetic field in certain direction (perpendicular/parallel to the scattering 





















2.3.1.6  Diffuse neutron spectroscopy 
 
DNS is a versatile diffuse scattering cold neutron time-of-flight spectrometer with 
polarization analysis[22] (Figure 2.8.). It can work as neutron diffractometer or in TOF mode 
(using the set of choppers) in order to study atomic and magnetic diffuse scattering. 
Velocity selector is used to obtain quasi-monochromatic neutron beam of certain 
wavelength. The neutrons are polarized by supermirrors and on the sample position is xyz- 
coils which allow to apply very small magnetic field in order to change polarization of 
neutron in certain direction (x,y,z) at sample.  
For the single crystals, the separation rules are given by (only for magnetic part) [21]:  
 
( 
   
Γ  ,Γ  ,Γ  ,Γ  ,Γ  ,Γ  , ) 
   = ( 
  
sin � cos � cos � − sinα cos �sin � sin � cos �  − sin � cos�sin �sin �sin � cos � cos �sin � cos �cos � − sinα cos�− sin � cos�− sinα cos �                   ) 
  = ( 
  , , , , +  , ) 
 
         
                                                                                                                                           .  
 
where Γ  is representing function with polarization applied in x direction and for spin flip 
(for non-spin flip scattering the notation is ), Mxx, Myy, Mzz, Mxy, Myx, corresponds to the 
components of the magnetization in certain direction. 
This separation rules become simple when sample is in paramagnetic state (where cross 
magnetization components can be neglected and = = ) and for isotropic 








Therefore, DNS allows unambiguous separations of nuclear coherent, spin incoherent and 
magnetic scattering contributions over a large range of scattering vector Q and energy 
transfer E by xyz polarization analysis[21]: 
 
                        � ℎ = ��� −  � − � ℎ                                                         .  
 
                       � c = ( �SF −  �SF − �SF)                                                            .  
               � = (��� +  ���  − ���) = − (� �� +  � ��  − � ��)           .                  
 
where SF and NSF corresponds to spin flip and non-spin flip scattering, respectively and 
the x, y, z  are the direction of the polarization on the sample. 
 
 





2.4 Structure of CoCr2O4 
 
Spinel is a mineral with formula MgAl2O4. The spinel minerals have a generic formula of 
AB2O4, where A stands for a cation with +2 charge and B stands for a cation with +3 charge. 
Oxygens in spinel form a face-centered cubic (fcc) lattice. The cubic spinel structure is 
characterized by space group ̅ . Each unit cell contains 8 formula units AB2O4, thus 
there are 32 oxygen ions in a unit cell[23]. 
In the normal spinel structure the A cations fill 1/8 of the tetrahedral sites and the B cations 
fill 1/2 of the octahedral sites. 
Inverse spinel s̀ unit cell has the same size. In this unit cell the A ions and half of the B ions 
switch sites and thus inverse spinels are formulated as B(AB)O4, where the (AB) ions 
occupy the octahedral sites[23]. 
Transition metal oxides form spinel and inverse spinel structures. The choice between them 
is driven by the crystal field stabilization energy of ions in the tetrahedral and octahedral 
sites. For 3d elements the configuration is typically high spin because O2- are weak field 
ligand[24]. 
CoCr2O4 is a spinel ferrimagnet, where Co
2+ cations are located in A sites and Cr3+ are 
located in B sites, Figure 2.9. CoCr2O4 is a normal spinel, as well as every other chromite, 
because the Cr3+ (d3) ion has a strong preference for the octahedral sites[24]. 
 





2.5  Hydrothermal method 
 
Hydrothermal reaction is any heterogeneous reaction in a presence of a solvent (whether 
aqueous or non-aqueous) above room temperature at pressure greater than 1 atm in a closed 
system[26]. It is a general method for preparing inorganic salts and for crystal growth. 
Hydrothermal synthesis also enables to prepare compounds with an unusual oxidation state 
such as chromium (IV) oxide[27]. The most frequently used medium in hydrothermal 
synthesis is water. One of the biggest advantages of using water is the environmental 
benefit and cheaper than other solvents, and it can act as a catalyst for the formation of 
desired materials by tuning temperature and pressure[28]. Various mineralizers are also 
added to water. Mineralizers are complexing agents that act to increase the solubility of the 
starting precursors by forming soluble complexes[29]. The whole synthesis is carried out in 
autoclaves, where various metal salts react with fatty acids, alcohol and wader and are 





3 EXPERIMENTAL PART 
 





ethanol absolute                                                   Penta-chemicals, p.a. 
hexane                                                                  Lach-ner 
oleic acid                                                              Aldrich, tech. 90% 
sodium hydroxide                                                Lach-ner, p.a., micropearls 
cobalt (II) chloride hexahydrate                          Penta-chemicals, p.a. 
chromium (III) chloride hexahydrate                  Aldrich, ≥98% 
 
3.2 Synthesis of nanoparticles of CoCr2O4 
 
The analysed samples were prepared by hydrothermal method in autoclave with 50ml teflon 
liner. The solution of metal chlorides was prepared by dissolving chromium and cobalt 
chloride hexahydrate in molar ratio (Cr3+: Co2+= 2:1). This solution was mixed with the 
solution of sodium oleate, which was prepared mixing 10 mmol (400 mg) of sodium 
hydroxide in a small amount of water and ethanol solution with 12 mmol (3,39 g) of oleic 
acid. The water solution of the metal ions and the oleate solution was mixed and the mixture 
was sonicated for 5 minutes. The final two phase solution was put into the autoclave and 





After cooling down the liquid phases were discarded and the sedimented nanoparticles were 
dispersed in 15 ml of hexane. The non-dispersed nanoparticles (aggregates) were separated 
by centrifugation (5 min, 3500 rpm) and the hexane phase was used for the following 
preparation. The nanoparticles were precipitated with 10 ml of ethanol. The precipitated 
nanoparticles were separated by centrifugation. This procedure was repeated 3 times. 
The prepared amorphous phase was then annealed at 250 °C, 300 °C, 350 °C, 400 °C,       
450 °C, 500 °C and at 550 °C for 2 hours. 
 
3.3 Characterization methods  
 
 The XRD patterns were recorded from 5 to 80° (2θ) on PANalytical X`Pert PRO 
using CuKα. The diffraction pattern was recorded in step scan mode with step width 
of 0,02°. 
 
 Transmission Electron Microscopy (TEM) was carried out using a ZEISS LEO 902 
operating at 120 kV with LaB6 cathode in bright field (BF) mode. The sample 
was deposited onto a coated copper grid, the mean particle diameter was statistically 
determined from at least 200 particles in different BF images and fitted with the 
log-normal distribution function using the imageJ software[30]. 
 
 Polarized neutron scattering experiments of cobalt chromite samples with particle 
diameter in the range of 3.1 to 15.2 nm were measured at various temperatures from 
3.2 K to 100 K on DNS instrument using the neutron wavelength of 4.2 Å.   The 
reference measurement of a NiCr alloy yields the flipping ratio correction and thus 
the real polarization of the incident neutron beam. Vanadium was measured for 
calibration of the detector efficiency. The magnetic, nuclear coherent and spin–
incoherent contribution were separated from the total scattering by means of xyz-
polarization method. The measurements were carried out at Heinz Maier-Leibnitz 





4 RESULTS AND DISCUSSION 
 
4.1 Powder X-ray Diffraction 
 
The phase composition of the prepared samples was determined by powder X-ray 
diffraction. The X-ray diffraction patterns of all prepared samples show the presence of 
spinel structure with space group of Fd̅m (Figure 4.1). Also each sample is containing 
Bragg’s maxima of NaCl, which can be caused by inefficient washing of the samples after 
the hydrothermal preparation. This phase is diamagnetic and does not impair magnetic 
behaviour. The phase analysis was carried out using search-match function of PANalytical 
X P̀ert PRO for CuKα radiation. The diffraction patterns also show that the particle size is 
increasing with the increasing annealing temperature. Which can be followed by change of 
the full with of half maxima of the peaks as it is described by Scherrer equation[31]: 
 
                                                = ∙∙ cos �                                                                   .  
 
where  is Scherer s̀ constant,  is the wavelength of the used x-ray radiation and  is the 
width of diffracted peak (in angle �). 
From Figure 4.2. we can see the temperature change of particle size obtained by using 
Scherrer equation. The particle sizes, obtained from Sherrer equation, show an increasing 
trend on the annealing temperature. This trend is also proved with the particle sizes obtained 





Figure 4.1: Powder X-ray diffraction patterns of the samples. The green vertical 


















Figure 4.5: Dependence of the particle size obtained from Sherrer equation 

















4.3 DNS measurements 
 
In Figure 4.6 are presented all separated contributions (spin incoherent, nuclear coherent 
and magnetic scattering) of prepared samples measured at temperature of 3 K. We can see, 
that separation was successful, which is confirmed by almost constant spin incoherent 
scattering. The nuclear coherent scattering of samples has similar trend as was obtained 
from PXRD analysis. There is a presence of Bragg’s maxima from spinel structure of the 
sample and Bragg’s maximum from used aluminium sample holder (at 2.6 Å− ). Looking 
closely on magnetic scattering contribution, it can be seen the presence of magnetic 
reflection which are at the same position as Bragg’s maxima of spinel structure. These 
reflections are from collinear magnetic structure (ferrimagnetic ordering). Moreover, there 
are additional magnetic reflections, which are not arising from the nuclear structure 
position, so called magnetic satellites. These magnetic satellites directly confirm the 
presence of spiral magnetic ordering of CoCr2O4 nanoparticles.  
 
From the incoherent scattering contribution, Figure 4.6, we can see that the intensity of the 
incoherent scattering decreases with increasing annealing temperature, due to the 
decomposition of organic substances rich on hydrogen. 
 
By comparing the magnetic dependence of magnetic scattering contributions  
(Figure 4.7), it can be obtained an information on magnetic phase transitions. The first is 
the blocking temperature of nanoparticles which corresponds to the appearance of collinear 
magnetic reflections. The second magnetic transition is with the arising of the magnetic 
satellites from non-collinear structure corresponding to the transverse conical magnetic 
structure. We can follow, that magnetic transitions changes with decreasing of particle size. 
From Figure 4.8 it can be seen the trend of blocking and transition temperature with particle 
size. The values of blocking temperature shift towards lower temperature similar to the 
trend of blocking temperature for cobalt ferrite nanoparticles.[32].  
 
From Figure 4.9 of comparison of magnetic scattering of all prepared samples recorder at 
3 K. It can be seen that the propagation vector changes with temperature, visible as the 
change of the position of magnetic satellites reflections. Looking closer at magnetic 




That can be explained by the fact, that with decreasing nanoparticle diameter, the coherence 
length of spiral magnetic structure is close to the size value and therefore it gets diffusive 
character. This mean in real space that the period of spiral structure increases with 
decreasing size up to the critical size when the spiral magnetic order cannot exist due to 
similar size as coherence length of non-collinear structure. The critical size of nanoparticles 
is taken to be for AA350 sample, where in AA400 sample there is still significant magnetic 
satellite reflection while in AA350 sample are very diffused character. The critical size of 
the nanoparticles was determined on 9,1 nm (5.1 nm of coherent domain size) where the 
spiral structure can still exist. In smaller particles, the propagation vector is smaller (bigger 
period of spiral) than the dimensions of the particle and hence spiral magnetic structure 
cannot occur. Moreover, it can be seen that very broad fundamental reflections are present. 
The AA300 sample can be taken as the critical sample, where magnetic ordering can still 
exist. With further decrease of nanoparticle size it is expected to have not any magnetic 
order as was found in previous research[33] caused by collapsing long-range magnetic order. 
 
The lattice parameter, obtained from the nuclear coherent scattering contribution, increases 











Figure 4.6: All separated scattering contributions of all cobalt chromite samples 
recorded at 3.2 K. Where the violet vertical lines represent the position of 
fundamental reflection and the black vertical line corresponds to Bragg’s maximum 








Figure 4.8: Dependence of the blocking temperature (blue) and the temperature of 
spiral transition (orange) on particle size. 
 
 
Figure 4.9: The comparison of magnetic scattering contributions of all samples 




















Figure 4.10: Dependence of the lattice parameter on the annealing temperature. 

























Nanoparticles of CoCr2O4 with the particle diameter of 3.1 to 15.2 nm were synthetized 
using hydrothermal technique followed by annealing at 250 °C, 300 °C, 350 °C, 400 °C, 
450 °C, 500 °C and at 550 °C for 2 hours. The phase composition and the spinel structure 
of CoCr2O4 was confirmed by PXRD experiments where the typical peaks of the spinel 
structure were presented.  
 
From TEM analysis of micrographs we obtained the nearly spherical morphology of our 
prepared nanoparticles. Moreover, the distribution of particle sizes were obtained from 
TEM micrographs. The sizes determined   by TEM are larger than the sizes determined by 
PXRD, which is in good agreement with the expected behavior. 
 
 The magnetic properties were evaluated at microlevel by means of neutron diffraction 
experiments with XYZ polarization analysis. All scattering contribution were successfully 
separated, which was indicated by nearly constant spin incoherent scattering contribution. 
The intensity of incoherent scattering contribution reflects the amount of hydrogen atoms, 
which are presented at surface of nanoparticles. The nuclear structure of material refined 
from nuclear coherent scattering were in good general agreement with PXRD experiments. 
From pure magnetic scattering cross section, we obtained all the magnetic phase transitions 
and we directly prove the existence of non-collinear structure in nanoparticles, which can 
be seen from appearance of the magnetic satellites in magnetic scattering contribution. 
Furthermore, the position of magnetic satellites slightly changes with the temperature, 
which indicates that the propagation vector (period) of the spiral also changes with 










The critical value of particle diameter of 9.1 nm. (coherent size of 5.1 nm) where the spiral 
magnetic ordering can still exist but with diffuse character as the period of spiral approaches 
the coherent size of nanoparticles. We have also found, that with next decrease of 
nanoparticle size (4.1 nm of coherent domain size), the non-collinear ordering can not exist 
and the fundamental reflections of long-range magnetic ordering  
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